The surface of the protozoan parasite Leishmania is unusual in that it consists predominantly of glycosylphosphatidylinositol-anchored glycoconjugates and proteins. Additionally, a family of hydrophilic acylated surface proteins (HASPs) has been localized to the extracellular face of the plasma membrane in infective parasite stages. These surface polypeptides lack a recognizable endoplasmic reticulum secretory signal sequence, transmembrane spanning domain, or glycosylphosphatidylinositol-anchor consensus sequence, indicating that novel mechanisms are involved in their transport and localization. Here, we show that the Nterminal domain of HASPB contains primary structural information that directs both N-myristoylation and palmitoylation and is essential for correct localization of the protein to the plasma membrane. Furthermore, the N-terminal 18 amino acids of HASPB, encoding the dual acylation site, are sufficient to target the heterologous Aequorea victoria green fluorescent protein to the cell surface of Leishmania. Mutagenesis of the predicted acylated residues confirms that modification by both myristate and palmitate is required for correct trafficking. These data suggest that HASPB is a representative of a novel class of proteins whose translocation onto the surface of eukaryotic cells is dependent upon a "nonclassical" pathway involving N-myristoylation/palmitoylation. Significantly, HASPB is also translocated on to the extracellular face of the plasma membrane of transfected mammalian cells, indicating that the export signal for HASPB is recognized by a higher eukaryotic export mechanism.
Protozoan parasites of the genus Leishmania cause a spectrum of tropical and sub-tropical diseases termed the leishmaniases. Leishmania live as either extracellular, flagellated promastigotes in the digestive tract of their sandfly vector or as aflagellated amastigotes within the phagolysosomes of mammalian macrophages (1) . Much research has focused on the unusually high levels of glycosylphosphatidylinositol (GPI) 1 - anchored surface molecules present in these organisms (2) , particularly the unique glycoconjugate, lipophosphoglycan (LPG), abundant in promastigotes (3) , and the metalloprotease GP63 (or leishmanolysin) (4) . The hydrophilic acylated surface proteins (HASPs; originally named GBP and GA/CP in Leishmania major) are a family of related surface molecules expressed only in infective parasite stages (5, 6) . These proteins are unusual in that they lack a "classical" endoplasmic reticulum (ER) secretory signal sequence, a GPI-anchor consensus, or membrane-spanning domains but are surface-localized (6) , partition into the hydrophobic phase on Triton X-114 separation, and fractionate with lipid species (5) . The mechanism of transport and attachment to the cell surface is unclear, although it has been suggested that this may occur by virtue of a close association with LPG via an HASP repeat region with homology to the peptidoglycan binding domain of Staphylococcus aureus protein A (6) . More recent studies have not substantiated this hypothesis, as HASPs are still presented on the surface of infective metacyclic parasites in the absence of LPG (7) . Leishmania (and other trypanosomatids) possess a conventional eukaryotic secretory pathway (8, 9) and require a signal sequence for translocation of secreted proteins into the ER (10) . However, a number of specialized features are apparent in the secretory systems of Leishmania and related organisms, particularly the necessity to traffic large quantities of lipid-anchored molecules to the cell surface. In addition, and uniquely to these parasites, all exo-and endocytosis at the cell surface occurs via the flagellar pocket, an invagination of the plasma membrane at the base of the single flagellum (11, 12) .
Absence of ER secretory signals within the HASP family would preclude ER transport through the classical secretory pathway, i.e. via translocation through a sec61p complex into the ER lumen. This suggestion is supported by the observation that HASPB is not glycosylated, despite the presence of several consensus N-glycosylation sites. 2 These properties place HASPB among a group of eukaryotic proteins that lack an ER-targeting secretory signal but are still exported out of the cell, by so called "non-classical" transport (13, 14) . Examples of proteins undergoing non-classical export include fibroblast growth factors-1 and -2, interleukin-1, yeast a-factor, and galectin. Export of Saccharomyces cerevisiae a-factor is the best understood; this short, 12-amino acid lipoprotein is exported via an ATP binding cassette transporter (15) . By contrast, galectin appears to be released from the plasma membrane of mammalian cells through vesicular budding (16) , possibly via a novel pathway involving a transporter (17) . It is unclear at present whether the examples of "non-classically" exported proteins cited above use the same or different mechanisms, and it is highly possible that several auxiliary systems are present.
Here we report that the 18-amino acid N-terminal region of HASPB is acylated in vivo and is sufficient to target a heterologous protein (Aequorea victoria green fluorescent protein, GFP) to the cell surface of Leishmania. In addition, we demonstrate that HASPB is also exported by mammalian cells, suggesting that this pathway is also present in higher eukaryotes.
EXPERIMENTAL PROCEDURES
Maintenance and Manipulation of Leishmania-L. major parasites (MHOM/IL/81/Friedlin; FV1 strain) were maintained at 26°C in Medium 199 (Life Technologies, Inc.) supplemented with 20% fetal calf serum (Life Technologies, Inc.). Transfections were performed as described previously with the pX NEO episome (18) , and cultures were subsequently grown in media supplemented with 1 mg/ml G418 (Life Technologies, Inc.). Cells were metabolically labeled in serum-free media containing 200 Ci/ml [9,10- 3 H]myristate (53 Ci/mmol) or [9,10-3 H]palmitate (52 Ci/mmol) (Amersham Pharmacia Biotech) conjugated to de-fatted BSA (Sigma) according to published protocols (19) .
Maintenance and Manipulation of Mammalian Cells-CHO cells were cultured on glass coverslips using Dulbecco's modified Eagle's medium (Life Technologies, Inc.) supplemented with 10% fetal calf serum. Transfections were performed using LipofectAMINE (Life Technologies, Inc.) according to the manufacturer's protocol. Typically, 1 g of expression plasmid and 15 l of LipofectAMINE were used, and cells were allowed to recover for 24 h before study.
Construction of Gene Fusions-All procedures were performed according to manufacturers' instructions. All gene fusions were generated by polymerase chain reactions using the Pfu polymerase (Stratagene), purified using the QIAEX II system (Qiagen), and cloned directly into pX NEO unless stated otherwise. Deoxyoligonucleotide primers are shown 5Ј to 3Ј with sequence complementary to the target template in bold and restriction sites underlined.
L. major HASPB 3Ј-tagged with GENE10 encoding an 11-amino acid peptide (Novagen) was generated by polymerase chain reaction using cloned HASPB as template, a 5Ј primer (primer 1) containing a BamHI site (CGCATCTAGACATATGGATCCTATCTATCTCCCCCGCTTAT-ACACC), and a 3Ј primer (primer 2) encoding an XbaI site and the GENE10 tag (CATAGATCTAGACTAGCGACCCATTTGCTGTCCACC-AGTCATGCTAGCCATGTTGCCGGCAGCGTGCTCCTTC). The product was cloned into pX NEO to create pX NEO HASPB::GENE10 and into the mammalian vector pSG5 to generate pSG5 HASPB::GENE10. 18-and 55-amino acid N-terminal deletions of HASPB::GENE10 were made using 3Ј primer 2 and 5Ј primers (primers 3 and 4) containing BamHI sites: (CGCATCTAGACATATGGATCCTA-TCTATCTCCCCCGCTTATACACCATGAAGATCAAGAGTACCAAT-GAG) and (CGCATCTAGACATATGGATCCTATCTATCTCCCCCGCT-TATACACCATGAACAACGAAGACCGTTGCCCGAAG), respectively. The fusions were cloned to make pX NEO ⌬1-18haspb::GENE10 and pX NEO ⌬1-55haspb:GENE10.
The sequence encoding the N-terminal 18 amino acids of HASPB was amplified using 5Ј primer 1 and a 3Ј primer (primer 5) containing an EcoRV site (TAGAGATATCCGCACTTTTCTGGGGCTC) and cloned into pBluescript to form pBluescript HASPB18b. The EGFP gene (20) (kindly provided by Dr. Neil Fairweather, Imperial College) was amplified using a 5Ј primer (primer 6) containing an EcoRV site (TA-GAGATATCATGAGTAAAGGAGAAGAACTTTTCACTGGA), and a 3Ј primer (primer 7) encoding a HindIII and an XbaI site (CCCAAGC-TTTCTAGATTATTTGTATAGTTCATCCATGCCATG), and cloned into pBluescript HASPB18b using EcoRV and HindIII to make pBluescript HASPB18b::GFP. 5Ј primers (primers 8 -11) containing BamHI sites (CGCGGATCCATGG(G/C)AAGCTCTT(G/C)CACGAAGG) were designed to introduce point mutations into the 5Ј HASPB sequence. Gene fusions based on HASPB18b::GFP were amplified using 5Ј primers 8 -11 with 3Ј primer 7 and cloned into pX NEO sucrose in Pipes buffer. The pellet was plunge-frozen in liquid nitrogen, and sections were cut on an MT7/CR21 cryomicrotome. Sections were placed on grids and blocked in 5% goat serum, 5% fetal calf serum in Pipes buffer (block buffer), and incubated in rabbit anti-GFP diluted 1:100 in block buffer or anti-GENE10 diluted 1:50 in block buffer. The grids were washed in block buffer and incubated in second antibody; 18 nm gold-conjugated goat anti-rabbit IgG or 12 nm gold-conjugated goat anti-mouse IgG (Jackson ImmunoResearch). Grids were washed sequentially with block buffer, Pipes buffer, and H 2 O prior to embedding in 0.3% uranyl acetate in 20% methylcellulose.
L. major Cell Stains and Fluorescent Microscopy-All cells were fixed by the direct addition of 3.7% formaldehyde to the culture medium and subsequently washed twice in serum-free media before spotting onto polylysine-coated multiwell slides (BDH). The flagellar pocket was visualized by incubating cells for 1 h at room temperature with tetramethylrhodamine isothiocyanate-labeled concanavalin A (Sigma) at 5 g/ml in serum-free medium supplemented with 1.8% de-fatted BSA. Slides were then washed twice with the BSA-supplemented serum-free medium. BODIPY TR ceramide (Molecular Probes) was used to visualize the Golgi complex. The lipid probe was conjugated with BSA by incubating 0.5 M in serum-free medium supplemented with 1.8% defatted BSA for 1 h at 4°C. Cells were incubated for 1 h at room temperature with the conjugated probe and then back-extracted twice with serum-free medium supplemented with 1.8% de-fatted BSA (21) . All cells were DNA stained with DAPI at 0.5 g/ml in PBS. Coverslips were mounted with Vector Shield (Vector Laboratories), and the slides were viewed using a Nikon Microphot-FX epifluorescent microscope. Images were captured with a Photometrics CH350 CCD camera coupled to a Power Macintosh G3 with the IP Lab software package (Scanalytics, Inc.) and subsequently augmented using Adobe Photoshop.
Mammalian Cell Stains and Fluorescent Microscopy-Cells were washed with PBS, fixed by the addition of 3.7% formaldehyde, and where required, permeabilized by incubating in 0.5% Triton X-100 in PBS. The cells were blocked with 10% fetal calf serum in PBS for 30 min, incubated with T7⅐Tag monoclonal antibody (Novagen) or antihGH polyclonal rabbit antibody (22) in blocking solution overnight at 4°C, and washed 3 times. Texas Red-conjugated anti-mouse and dichlorotriazinylaminofluorescein-conjugated anti-rabbit antibodies (Jackson ImmunoResearch) were used according to the manufacturer's protocol, cells were washed 3 times, and DNA stained using 0.5 g/ml DAPI in PBS. After mounting in Vector Shield, the cells were observed using a Nikon Microphot-FX epifluorescent microscope and photographs taken with a Nikon FX-35DX camera. Images were scanned and manipulated using Adobe Photoshop.
Biotinylation and Fractionation of Cell Surface Proteins-Transfected Leishmania cell lines were gently washed 3 times and resuspended at 10 8 /ml in PBS, pH 7.4. EZ-Link TM NHS-SS-Biotin (Pierce) was added to 1 mM and the cells incubated for 2 h at 4°C. Cells were then gently washed 3 times in PBS, pH 7.4, 50 mM NH 4 Cl and once in PBS, pH 7.4. Cells were lysed in 200 l of PBS, 1% SDS, boiled, and adjusted to 1 ml with PBS, 2% Triton X-100. Biotinylated proteins were then removed by incubation for 1 h at room temperature with streptavidin-agarose (Life Technologies, Inc.), separated together with the remaining unlabeled material by SDS-PAGE, then Western-blotted and probed as described.
Quenching of Surface-localized GFP Fusion Proteins-Aliquots of 10 7
Leishmania were pelleted, washed, and resuspended in PBS, pH 5.0 or pH 8.0. The excitation spectra were measured using a Perkin-Elmer LS50B Luminescence Spectrometer and the FL Winlab software package, slit width at 10 nm, emission detected at 508 nm, and excitation scanned at 400 -485 nm at 500 nm/min. Membrane Fractionation-All steps were performed at 0 -4°C. 20 ml of cells at 10 7 /ml were pelleted and washed once in PBS. After resuspension in 0.5 ml of lysis buffer (0.2 M Tris, pH 8.0, 6 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol, 100 g/ml phenylmethylsulfonyl fluoride, 100 g/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone, 2 g/ml aprotinin) cells were disrupted using 300-m glass beads (Sigma). Undisrupted cells were cleared by a 10-min 500 ϫ g spin, and membranes were isolated by ultra-centrifugation at 100,000 ϫ g for 1 h in a Beckman TLA 100.3 rotor. Cytosol fractions were precipitated with 10% trichloroacetic acid for 10 min and washed in 70% ethanol.
Electrophoresis and Western Blotting-Cell or fractionation pellets were resuspended in running buffer, boiled, and separated by SDS-PAGE. Proteins were electrophoretically transferred to Immobilon P membranes (Millipore). Metabolically labeled proteins were detected using the Kodak BioMax TranScreen intensifying screen system. GFP fusion proteins were detected using the anti-GFP polyclonal antibody (CLONTECH) according to the manufacturer's instructions. GP63 was detected using a polyclonal antibody (kindly provided by Dr. Rob McMaster, University of British Columbia).
RESULTS

Deletion Mapping of the HASPB Localization Signal-The
177-amino acid L. major HASPB can be divided into three distinct regions (5) as follows: the N-terminal domain (amino acids 1-55), the repeat domain (amino acids 56 -145), and the C-terminal domain (amino acids 146 -177). By using a "deletion-fusion" approach, gene constructs were generated in which various portions of the HASPB open reading frame were fused with a 3Ј GENE10 tag. Following transfection, the subcellular localization of these fusion proteins in L. major was established using immunoelectron microscopy. Like the wild-type protein (5, 6), full-length tagged HASPB localized to the cell periphery; in addition small quantities were detected at an internal structure identified morphologically as the Golgi (Fig. 1A ). These observations confirm that the C-terminal tag does not affect HASPB localization and suggest that despite the lack of a classical secretory signal sequence, the endomembrane network is involved in transport of the protein to the cell surface. On deletion of the N-terminal 55 or 18 amino acids of HASPB, the fusion protein was localized exclusively in the cytosol (Fig.  1, B and C) . The extreme N terminus of HASPB encodes a consensus for acylation by myristic acid at glycine 2 and palmitic acid at cysteine 5 ( Fig. 2A) . The results of these deletion experiments imply that acylation may play a role in the trafficking and attachment of the HASP proteins to the cell surface.
HASPB Is Modified by Two Acyl Groups-To facilitate analysis of the role of the HASPB N-terminal 18 amino acids in A, full-length HASPB::GENE10. The signal is localized to the periphery of the cell and in the region of the Golgi apparatus (g). B, the N-terminal 55 amino acids have been deleted. ⌬1-55haspb18::GENE10 is found in the cell cytosol. C, ⌬1-18haspb::GENE10, in which the N-terminal 18 amino acids have been removed, also fails to be delivered to the cell periphery. f, flagellum; k, kinetoplast; m, mitochondrion; n, nucleus. Scale bars, 0.5 m. N-terminal initiator methionine residues were introduced by cloning in constructs ⌬1-55haspb::GENE10 and ⌬1-18haspb::GENE10 (horizontal hatched boxes); broken lines indicate deleted regions. Shaded and non-shaded regions indicate the domains of HASPB, with amino acids numbered above construct A.
transport, a series of GFP fusion constructs were made in which the HASPB consensus signals for myristoylation and palmitoylation were disrupted by site-directed mutagenesis ( Fig. 2A) . L. major parasites expressing these fusion proteins were metabolically labeled with either myristic or palmitic acids, and following separation by SDS-PAGE, radiolabeled proteins were detected by autoradiography (Fig. 2B) . As expected, the HASPB18::GFP fusion protein incorporated both myristate (track 1) and palmitate (track 3) suggesting that HASPB is a dually acylated protein. The fusion protein with both putative acylation sites mutated, hasp18 ⌬Myr/Palm ::GFP, incorporated neither acyl group, confirming usage of these sites in vivo (tracks 2 and 4). When the myristoylation site alone was mutated, hasp18
⌬Myr ::GFP, the fusion protein failed to incorporate either myristate or palmitate (tracks 5 and 6). In contrast, mutation of the palmitoylation site alone, hasp18
⌬Palm ::GFP, resulted in a myristoylated but non-palmitoylated protein (tracks 7 and 8). The failure of hasp18 ⌬Myr ::GFP to be palmitoylated is reminiscent of the situation observed in some members of the Src family of tyrosine kinases and in several G protein ␣ subunits, (reviewed in Ref. 23) . It is probable that this is due to the inability of these mutated proteins to be co-translationally myristoylated, thus precluding association with membranes and, subsequently, with a putative membrane-bound palmitoylacyltransferase (23) .
Membrane Association of HASPB18::GFP and Its Acyl Mutants-It has been postulated that many acylated proteins anchor in membranes using a "two-signal" system (reviewed in Ref. 23) , in which a combination of two fatty acid modifications or one fatty acid moiety and a polybasic stretch of amino acids is sufficient to tightly associate proteins with membranes. The association of HASPB18::GFP, its non-acylated mutants, and HASPB10::GFP with L. major membranes was assessed by fractionation and Western blotting (Fig. 2C) . In the control parasites expressing native GFP, protein was predominantly found in the cytosolic fraction (track 6) as predicted, with minor contamination of the membranes. The parental fusion, HASPB18::GFP, localized solely to the membrane fraction (track 1), indicating that dual acylation is sufficient for tight membrane association. The minor fraction of smaller protein detected in the cytosolic fraction is thought to represent native GFP expressed from its own methionine start codon within the construct. The non-acylated fusion proteins, haspb18
⌬Myr ::GFP and haspb18 ⌬Myr/Palm ::GFP, were detected exclusively in the cytosolic fraction (tracks 2 and 4), as would be predicted from the micrographs shown in Fig. 3 . The myristoylated, nonpalmitoylated fusion, haspb18
⌬Palm ::GFP, was distributed equally between the membrane and cytosolic fractions (track 3). Presumably, this represents a decrease in the protein's affinity for membranes, commensurate with the decrease in its hydrophobicity resulting from the loss of the palmitate moiety (reviewed in Ref. 24 ). These results provide support for the two-signal model in that both myristate and palmitate are required for stable membrane association. HASPB10::GFP ( Fig. 2A) (Fig. 3h) . This chimeric protein is largely cytosolic despite maintaining the dual acylation consensus, suggesting that the acyl groups are partially inaccessible to membranes. Impaired membrane targeting of a fusion protein comprising a short, acylated signal sequence immediately proximal to GFP has been previously noted in mammalian cells (25) .
The Role of Acyl Groups in Trafficking and LocalizationThe autofluorescent protein tag, GFP, allowed evaluation of the impact of the mutations affecting fatty acid modification on the cellular localization of HASPB18::GFP in L. major by epifluorescent microscopy. Tetramethylrhodamine isothiocyanate-labeled concanavalin A (conA) was used to identify the Leishmania flagellar pocket, the region of the plasma membrane intermediate in the trafficking of membrane-bound molecules between intracellular compartments and the cell surface (12).
Fluorophor-labeled conA has also been shown to localize to the pocket in the closely related parasites, Trypanosoma (26) . Cells were also stained with a Golgi-specific lipid probe, BODIPY TR ceramide (Molecular Probes). The nuclear DNA and the kinetoplast were visualized using DAPI.
The parental construct, HASPB18::GFP, clearly localized to the cell periphery, including the flagellum and flagellar pocket as demonstrated by co-localization with conA and its position relative to the kinetoplast (Fig. 3, a-d) . This is consistent with the staining pattern observed when HASP-specific antibodies were used in immunofluorescence assays with L. major promastigotes (5, 7). Unlike immunoelectron microscopy, epifluorescent methods have not detected HASP proteins or fusions associated with an organelle resembling the Golgi apparatus, presumably because the Golgi harbors relatively low concentrations of HASP proteins at any given time. However, the clear accumulation of protein in the flagellar pocket suggests that the HASP proteins traverse this organelle on the way to their final destination, in a manner consistent with that proposed for trypanosomatid cell surface molecules transported by the classical mechanism (12) .
The non-acylated haspb18 ⌬Myr/Palm ::GFP was completely localized in the cytosol (Fig. 3f) , resembling the pattern of fluorescence observed for Leishmania cells expressing GFP alone (Fig. 3g) . This demonstrates that the acyl groups are a necessary requirement for trafficking and/or localization of HASPB. The fusion protein mutated in only the myristoylation site, haspb18
⌬Myr ::GFP, also showed cytosolic localization (Fig. 3e) , consistent with metabolic labeling that demonstrated a lack of modification with myristate or palmitate (Fig. 2B) . All three cell lines show a subcellular localization consistent with the results obtained by membrane fractionation (Fig. 2C) .
In contrast, the haspb18 ⌬Palm ::GFP, shown to be myristoylated but not palmitoylated, accumulated in an organelle that also stained with the Golgi-specific probe BODIPY TR ceramide (Fig. 3, i-m) . This indicates that the Golgi is involved in the trafficking of HASPB to the flagellar pocket and beyond. In support of this observation, immunoelectron microscopy detected small quantities of full-length GENE10-tagged HASPB in the region of the Golgi (Fig. 1A) . The accumulation of haspb18 ⌬Palm ::GFP in the Golgi has been confirmed by immunoelectron microscopy (Fig. 4C) .
A further fusion protein containing only the 10 N-terminal amino acids of HASPB, HASPB10::GFP, was made. Despite maintaining the consensus amino acids for myristoylation and palmitoylation , this protein accumulated at the flagellar pocket and also within the cytosol (Fig. 3h) . Thus, whereas the HASPB N-terminal 10 amino acids are sufficient to localize a proportion of the fusion protein to the flagellar pocket, downstream residues appear to be required for redistribution to the cell periphery. A fusion with only the first 9 HASPB amino acids, HASPB9::GFP, was completely de-localized to the cytosol (data not shown), suggesting that this construct is either non-acylated or that the fatty acid moieties are inaccessible to membranes or otherwise non-functional.
Immunoelectron Microscopy of Cells Expressing HASPB-18::GFP-A more detailed picture of the subcellular localization of the parental construct, HASPB18::GFP, was obtained by immunoelectron microscopy. The fusion protein showed a similar pattern of localization as the full-length GENE10-tagged HASPB (compare Figs. 1A and 4A) ; the cell was labeled at the periphery, including the flagellum. In order to determine on which side of the plasma membrane HASPB18::GFP is located, cells were antibody-stained prior to fixation. The deposition of gold particles on the external face of the plasma membrane demonstrates that the fusion protein is exposed at the parasite surface (Fig. 4B) , indicating that the N-terminal 18 amino acids of HASPB are sufficient for targeting and translocation of GFP to this location. Cryo-sections of the cells expressing the palmitoylation mutant haspb18 ⌬Palm ::GFP show protein accumulating in the region of the Golgi stacks (Fig. 4C) . This confirms the fluorescence data shown above and indicates that like wild-type HASPB, the HASPB18::GFP fusion is exported via the endomembrane network.
Assay of GFP Surface Localization-To confirm the surface localization observed in Fig. 4B , the surface proteins of transfected, live cells were analyzed following biotinylation. The surface proteins of Leishmania expressing HASPB18::GFP and GFP were labeled with cleavable, membrane-impermeable NHS-SS-biotin and, following isolation on streptavidin-agarose, fractionated together with non-biotinylated proteins by SDS-PAGE. Fig. 5 shows that whereas GFP resides solely in the non-biotinylated fraction (compare tracks 1 and 3), HASPB18::GFP is partially biotinylated (compare tracks 2 and 4). This indicates that a proportion of HASPB18::GFP, estimated at 30% by densitometry, is accessible to biotin. The major surface glycoprotein GP63 is detected solely within the biotinylated fraction as would be expected (compare tracks 5 and 6).
To confirm further the orientation of HASPB18::GFP at the plasma membrane, a novel live cell assay was developed based on the observation that the fluorescence of GFP and its variants decreases at reduced pH (27) . L. major parasites expressing HASPB18::GFP, haspb18 ⌬Myr/Palm ::GFP, or GFP alone were washed and resuspended in PBS adjusted to pH 5.0 or 8.0, and fluorescence emission was measured at 508 nm (see under "Experimental Procedures").
The emission of cells expressing GFP were unchanged at reduced pH (Table I) , consistent with the molecule being cytosolic and unexposed to the extracellular environment, and demonstrating that under these conditions the Leishmania cytosol remains buffered at a neutral pH. Similarly, parasites express-
FIG. 4. Localization of HASPB18::GFP and haspb18
⌬Palm ::GFP by immunoelectron microscopy. Parasites were labeled with rabbit anti-GFP antibody and 18-nm gold goat anti-rabbit IgG either pre-or postfixation and sectioning. A, HASPB18::GFP labeled after fixation and sectioning. The gold label is seen on the plasma membrane that covers the cell body and the flagellum. Scale bar, 0.5 m. B, HASPB18::GFP labeled prior to fixation and sectioning. The label can be seen on the cell surface demonstrating that at least a portion of the HASPB18::GFP fusion protein is surface-exposed. Controls conducted on wild-type L. major were negative for gold labeling. Scale bar, 0.25 m. C, haspb18 ing haspb18 ⌬Myr/Palm ::GFP were unaffected by a reduction in the extracellular pH consistent with a cytosolic localization for the chimeric protein (Table I) . Permeabilization of the cells with 0.1% Triton X-100 led to a dramatic loss of fluorescence at pH 5.0 but not at pH 8.0. This demonstrated that the fluorescence of HASP-GFP fusions was pH-sensitive, as expected, and confirmed that the lack of shift is due to protection by Triton X-100-soluble structures.
In contrast to the above, the emission measured from intact parasites expressing HASPB18::GFP showed a marked decrease in fluorescence intensity at pH 5.0 (Table I) , consistent with the fusion protein being surface-exposed and therefore subject to changes in environmental pH. The reduction in fluorescence was relatively small when compared with that observed after detergent disruption ( Table I ), suggesting that the chromophore is only partly exposed to the pH shift. By comparison with Triton X-100-treated cells, it appears that approximately 20% of HASPB18::GFP was susceptible to a reduction in pH.
Both the biotin and fluorescence assays suggest that only a proportion of HASPB is accessible to external reagents. This can be interpreted in at least two ways, either that only a minority of HASPB is presented on the extracellular face of the plasma membrane or that the surface properties of the Leishmania membrane prevent full penetrance of protons or biotin. Leishmania possess a thick, glycoconjugate-rich coat that confers a negative charge at the cell surface perhaps buffering against environmental changes (in pH for example) and repelling charged molecules such as biotin and its derivatives.
The Trafficking of HASPB in Mammalian Cells-To investigate whether the signal for export of HASPB to the cell surface of L. major is functional in higher eukaryotes, the full-length GENE10-tagged HASPB, HASPB::GENE1O (cloned into a mammalian expression vector), was transfected into CHO cells stably expressing human growth hormone fusions (28) localizing either to the ER (hD28) or to the cell surface (hD29). Localization of the chimeric proteins was established in these cells by indirect immunofluorescence using monoclonal anti-GENE10 tag and polyclonal anti-hGH antibodies (Fig. 6) .
In permeabilized CHO cells, hGHDAF29 localized to the cell periphery, whereas hGHDAF28 was found in a juxtanuclear position consistent with an ER localization (28) . The distribution of HASPB::GENE10 appeared coincident with that of hGHDAF29, indicative of cell surface expression (29) .
Staining of non-permeabilized CHO cells showed hGH-DAF29 at the periphery of the cell, demonstrating that it was surface-exposed as would be expected of a protein with a secretory signal sequence and a GPI-anchor consensus motif. In contrast, hGHDAF28 was undetectable, consistent with intracellular localization (28) . HASPB::GENE10 was also detected on non-permeabilized cells confirming its location on the surface. These data demonstrate that HASPB can be exported to the cell surface in higher eukaryotes and suggest that the non-classical pathway observed in Leishmania is conserved in mammalian cells.
DISCUSSION
In the absence of a secretory signal sequence, a GPI-anchor consensus, or transmembrane domain, the pathway and mechanisms that facilitate localization of the HASP family proteins to the Leishmania cell surface have been unknown to date. Here, a deletion strategy has identified the extreme N terminus of HASPB as being essential for surface presentation of the protein. The presence of N-myristoylation and palmitoylation motifs within these residues indicates that dual acylation may mediate membrane association and also potentially act as the cell surface anchor for HASPB.
Two Signals Are Required for Plasma Membrane Targeting-Metabolic labeling indicated that glycine 2 and cysteine 5 in the HASPB N-terminal region are required for myristoylation and palmitoylation. Co-translational myristoylation is required for post-translational palmitoylation to occur, in agreement with the hypothesis that a myristate moiety is required to bring the protein to a membrane-bound palmitoylacyltransferase (23) . According to the two-signal model (23) , such modifications would be sufficient to allow the stable association of HASPB with membranes previously observed (5, 6) . Many proteins have been shown to be targeted to the plasma membrane by dual acylation. The mechanism of targeting is unclear, although the identification of a G␣ protein palmitoylacyltransferase activity in plasma membrane fractions (30) supports a model in which an N-myristoylated protein could become "trapped" in a lipid bilayer when it associates with this putative enzyme and is palmitoylated (Refs. 31 and 32 and references therein).
The requirement of dual acylation for stable membrane association and targeting to the plasma membrane was tested using a series of fusion proteins expressed in L. major, in which the N-terminal HASPB 18 amino acids were fused to the N terminus of GFP. Cell fractionation demonstrated that both myristate and palmitate were necessary for efficient membrane binding; myristate alone led to only partial association. Epifluorescent microscopic analyses were consistent with these observations, as the fusion protein required both myristoylation and palmitoylation signals to facilitate localization to the plasma membrane.
Trafficking of HASP through the Cell-The route dually acylated proteins take to the plasma membrane has only recently been investigated. Trafficking of the N-myristoylated/palmitoylated Src tyrosine kinase, Fyn, to the plasma membrane in mammalian cells is thought to occur very rapidly via a novel pathway (31) . Another dually acylated Src protein, Lck, was found at the plasma membrane and in the Golgi by co-localization when expressed in certain mammalian cell lines (33) . These observations implicate the Golgi apparatus in Lck trafficking. Immunoelectron microscopy of L. major expressing full-length GENE10-tagged HASPB or the parental GFP construct, HASPB18::GFP, revealed the protein localizing primarily to the plasma membrane but with some Golgi-associated staining (only detectable by this highly sensitive method). Such data support an hypothesis in which the Golgi and by extrapolation the exocytic pathway are involved in both Src and were biotinylated using a membrane-impermeable biotin reagent and labeled proteins (tracks 1, 2, and 5) separated from unlabeled material (tracks 3, 4, and 6) . Tracks 1-4 were immunoblotted with anti-GFP antibody; GFP was undetectable in the biotinylated fraction (track 1) compared with the unlabeled portion (track 3). In contrast HASPB18::GFP was found to be biotinylated to significant levels, approximately 30% of total protein (compare tracks 2 and 4). The apparent difference in the molecular weight of labeled and unlabeled HASPB18::GFP could be due to modification with biotin or non-uniformity of the gel. By immunoblotting with anti-GP63 (tracks 5 and 6), the major Leishmania surface protein was detected predominantly in the biotinylated fraction.
HASP trafficking. Another particularly striking observation is that mutation of the HASP palmitoylation site in this chimera leads to the protein concentrating in an organelle stained by a Golgi-specific lipid marker. This supports the suggestion that palmitoylation of N-myristoylated proteins occurs at a membranous structure possibly belonging to the exocytic pathway (33) . This situation is reminiscent of the trafficking of certain acylated Ras proteins that have recently been suggested to be targeted to the endomembrane network (including the Golgi) by virtue of prenylation. Further trafficking of these proteins to the plasma membrane is dependent upon subsequent palmitoylation (34) .
Therefore, this study implicates the exocytic structures in the transport of HASP, despite the lack of an ER secretory signal. In addition, like other dually acylated proteins (31), the trafficking of HASPB in a mammalian system was unaffected by brefeldin A, a potent inhibitor of anterograde vesicular transport (data not shown). Our data, like that of Bijlmakers et al. (33) , imply that palmitoylation occurs in the region of the Golgi, with subsequent re-localization to the plasma membrane. This contrasts with the proposal that Fyn is targeted directly to and palmitoylated at the plasma membrane (31) . However, van't Hof and Resh (31) detected a small quantity of Fyn in Golgi membrane fractions. This fraction could be analogous to the HASPB detected in the region of the Golgi apparatus and could explain the partial perinuclear localization of Fyn (31) .
Recently, several studies have suggested that proteins modified by saturated acyl groups are targeted to detergent-resistant membrane (DRM) rafts in mammalian cells (35) . These DRMs are implicated in protein sorting in the secretory pathway (36) . In keeping with our trafficking model, it may be predicted that N-myristoylated/palmitoylated proteins associate with DRMs on the cytoplasmic face of structures in the exocytic pathway and are subsequently transported to the plasma membrane. It is possible that any other machinery required for localization is brought to its protein target by association with these rafts. In the case of HASP, this machinery may include a palmitoylacyltransferase and some translocation channel, such as that discussed below, to allow the protein to reach the extracellular environment.
HASP Appears to Be Localized to the Cell Surface by a Conserved, Novel Pathway-Despite incomplete characterization of the mechanism, it is clear that N-myristoylation/palmitoylation is sufficient to traffic a large number of proteins to the plasma membrane (32) . Unlike these other examples, HASPB is surface-localized in L. major (5, 6) despite lacking any identifiable signal that could lead to translocation by the exocytic pathway. Electron microscopic and biochemical analyses demonstrate that the N-terminal 18 amino acids of HASPB are sufficient to take a heterologous protein (GFP) to the cell surface. Whereas N-myristoylation/palmitoylation is presumably sufficient to transport HASP to the cytoplasmic face of the plasma membrane, some additional determinant within the 18-amino acid signal is presumed to facilitate translocation of a proportion of the protein across the membrane and into the extracellular environment. The N-terminal 10 amino acids of HASP, maintaining the acylation consensus, are sufficient only to take GFP as far as the flagellar pocket. The reasons for biochemically detecting only 20 -30% of HASPB18::GFP at the cell surface are unclear and, as discussed above, could be due to either limited surface presentation of the protein or limits inherent within the assays developed.
The mechanism that would take a lipid-anchored protein from one face of the plasma membrane to the other is unclear. However, one hypothesis that would fit our data is the "flippase" model (37) in which a membrane-bound transporter protein allows translocation of the hydrophobic anchor through the lipid phase and the relatively hydrophilic polypeptide through an aqueous channel. Recent structural evidence indicates that such a model holds true for the P-glycoprotein family of transport molecules (38) . Currently knowledge of the involvement of these proteins in the secretion of eukaryotic polypeptides is restricted to export of the yeast a-mating factor (15) . A genetic complementation strategy may identify molecules involved in the transport of HASP to the cell surface.
Whatever the mechanisms involved, the targeting and translocation of the protozoan protein, HASP, onto the surface of the plasma membrane is of general interest as it is conserved in higher eukaryotic cells. This suggests that HASP may represent the first in a family of non-classically exported, lipidanchored surface proteins. FIG. 6 . The HASPB export pathway is conserved in higher eukaryotes. Immunofluorescence assays of CHO cells co-expressing HASPB::GENE10 with the ER marker hD28 or the plasma membrane marker hD29. Cells were either permeabilized (P) or non-permeabilized (NP) prior to immunodetection. Unlike the internal ER marker hD28, hD29 and HASPB::GENE10 were detected at the cell surface in nonpermeabilized cells. ⌬Myr/Palm ::GFP, unless the cells are disrupted with Triton X-100. Parasites expressing HASPB18::GFP show highly significant reduction in fluorescence intensity at pH 5.0 with Triton X-100 but also significant at pH 5.0 in the absence of detergent, indicating the presence of the chimeric protein on the cell surface. Data were taken in triplicate from two independent experiments, standardized to 100% and S.D. calculated.
b highly significant. c significant.
